In Brief
Developmental inhibition of Gsk3 reversed deficits in hippocampalprefrontal synchrony and working memory behavior in 22q11.2 microdeletion model mice, supporting a causal link between cellular and circuitlevel phenotypes and suggesting a novel treatment target for cognitive symptoms in schizophrenia.
INTRODUCTION
Cognitive impairments in schizophrenia are a core feature of the disease (Barch and Ceaser, 2012 ) and a key determinant of longterm outcome (Fett et al., 2011; Hofer et al., 2005 ). Yet these impairments are mostly resistant to available treatments (Buoli and Altamura, 2015; Lett et al., 2014; Millan et al., 2012) ; greater understanding of their underlying neurobiology could facilitate the development of novel therapies (Arguello and Gogos, 2010) . To this end, we have studied the neural basis of cognitive deficits in Df(16)A +/À mice, which model a microdeletion on chromosome 22q11.2 that accounts for up to 1%-2% of sporadic schizophrenia cases (Karayiorgou et al., 1995; Xu et al., 2008) . Human carriers of the 22q11.2 microdeletion show a range of cognitive deficits, including working memory impairments , and $30% of them develop schizophrenia (Gothelf et al., 2007; Green et al., 2009; Murphy et al., 1999) .
Df(16)A
+/À mice show impairments in spatial working memory, among other schizophrenia-related phenotypes (Stark et al., 2008) . These impairments in working memory correlate with deficits in functional connectivity between the hippocampus (HPC) and medial prefrontal cortex (mPFC) in the mutant animals (Sigurdsson et al., 2010) , consistent with the literature suggesting these two structures cooperate during spatial working memory (Jones and Wilson, 2005; Lee and Kesner, 2003) . Furthermore, direct inhibition of HPC-mPFC inputs in wild-type (WT) mice causes similar impairments in working memory performance, as well as deficits in the encoding of spatial information within the prefrontal cortex . Taken together, these findings suggest a role for the HPC-mPFC circuit in the spatial working memory deficits associated with the 22q11.2 microdeletion.
Attempts to define the molecular and cellular bases of the cognitive and behavioral deficits associated with the 22q11.2 microdeletion have focused on the effects of single-gene mutations within the 22q11.2 microdeletion region (Bender et al., 2005; Chun et al., 2014; Fé nelon et al., 2013; Harper et al., 2012; Hiramoto et al., 2011; Hsu et al., 2007; Huotari et al., 2004; Mukai et al., 2004; Murphy et al., 1999; Paterlini et al., 2005; Xu et al., 2013) . Recently, we demonstrated that mice haploinsufficient for one of these genes, Zdhhc8 +/À , recapitulate several key aspects of the full microdeletion, including deficits in spatial working memory and functional connectivity (Mukai et al., 2015) . Zdhhc8 haploinsufficiency results in impairments in neurite outgrowth in vitro and axon branching in vivo (Mukai et al., 2015) . Axon branching deficits are seen in both cortico-cortical and hippocampo-cortical pathways, are present in mice carrying the full microdeletion, and are accompanied by deficits in synaptic efficacy (Mukai et al., 2015) . The Zdhhc8 gene product is a palmitoylation enzyme, and haploinsufficiency results in the mislocalization of several proteins required for normal axonal development. One downstream result of this mislocalization is a reduction in phosphorylated Akt at the axon tip. Phosphorylated Akt normally inhibits Gsk3b, suggesting that increased activity of Gsk3b might contribute to the axonal phenotypes seen in the mutant mice. Indeed, developmental inhibition of Gsk3 restored normal patterns of neurite outgrowth and axonal branching in Zdhhc8 +/À mice (Mukai et al., 2015) .
These studies raise two important questions. First, are the axonal, physiological, and behavioral phenotypes causally related? If so, developmental antagonism of Gsk3 should rescue HPC-mPFC synchrony and working memory performance in Df(16)A +/À mice. Second, what is the impact of the microdeletion, and its rescue by Gsk3 antagonism, on task-related activity in the mPFC? Our previous results would suggest that, because of reduced efficacy of HPC-mPFC input, mPFC neurons in Df(16)A +/À should have reduced spatial representations. In that case, could these altered representations be restored by Gsk3 antagonism? Here we demonstrate that developmental antagonism of Gsk3 indeed rescues impaired neural synchrony, working memory performance, and mPFC spatial representations in Df(16)A +/À mice, consistent with the notion that spatial working memory deficits in these mice are caused by disruptions in the hippocampal-prefrontal circuit as a consequence of disrupted axonal development. Our findings provide crucial evidence that these working memory-related phenotypes are pharmacologically reversible, and they suggest a possible pathway toward novel therapies for cognitive deficits in 22q11.2 microdeletion carriers and at least a subset of patients with schizophrenia.
RESULTS
To investigate the effect of developmental inhibition of Gsk3b on behavioral and neurophysiological deficits in Df(16)A +/À mice, mutants and WT littermates were injected with SB-216763 (SB), a potent and selective inhibitor of Gsk3 (Kramer et al., 2012) , or vehicle every other day from postnatal day (P)7 to P28. At 3-5 months of age, mice were implanted with microelectrodes targeting mPFC, ventral HPC (vHPC), and dorsal HPC (dHPC) ( Figure S1 ). Local field potential (LFP) and multiple single-unit recordings were obtained from these areas at baseline, as well as during acquisition and performance of a delayed nonmatch-to-place (DNMTP) T maze test of spatial working memory ( Figure 1A ). Similar to our previous findings (Sigurdsson et al., 2010; Stark et al., 2008) , Df(16)A +/À mice took significantly longer to reach criterion performance of the task, defined as more than 70% correct for 3 consecutive days ( Figure 1B ). This behavioral deficit was reversed by developmental inhibition of Gsk3, such that days to criterion did not significantly differ between WT and SB-treated Df(16)A +/À mice. SB had no effect on acquisition in WT mice. We have reported previously that Df(16)A +/À mice have impaired oscillatory synchrony between the dHPC and mPFC across multiple frequency ranges (Sigurdsson et al., 2010) . More recently, we have revealed that mPFC-vHPC connectivity is also closely related to the acquisition and encoding of spatial working memory (Mukai et al., 2015; O'Neill et al., 2013; Spellman et al., 2015) , and it is specifically disrupted in Zdhhc8 +/À -deficient mice (Mukai et al., 2015) . Here we extend these observations to vehicle-treated Df(16)A +/À mice, which have substantially reduced vHPC-mPFC synchrony at baseline, during habituation to the T maze ( Figure 2 ). This decreased coherence was evident in both theta-and gamma-frequency ranges, whether measured by coherence of mPFC and vHPC LFPs (Figures 2A and 2B Figure 2B ) and phase-locking of mPFC units to vHPC gamma (p = 0.06; Figure 2F ) than untreated Df(16)A +/À mice. Similar to our previous finding (Sigurdsson et al., 2010) , Df(16)A +/À mice showed impaired synchrony between dHPC and mPFC ( Figures S2A-S2C ), although statistical significance was achieved only for phase-locking of mPFC units to dHPC theta oscillations (Figures S2C and S2E) . SB treatment did not significantly reverse impaired dHPCmPFC synchrony regardless of frequency, though trend-level effects were observed (Figures S2B and S2C) . LFP power at baseline did not differ by genotype or treatment regardless of frequency or region ( Figures S3A-S3F) .
Neurons within the mPFC typically have task-related firing patterns (Baeg et al., 2003; Fujisawa et al., 2008; Jung et al., 1998 ). In the DNMTP task used here, mPFC neurons represent the spatial location of the goal . We speculated that this goal representation might be disrupted in Df(16)A +/À mice, and that this disruption might be reversed by developmental Gsk3 antagonism. Consistent with prior findings, a subset of mPFC single units fired preferentially on one of the two goal arms during the choice (retrieval) phase of the T maze task (Figures 3A and 3B) . A repeated-measures ANOVA (rmANOVA) based on binned spike rates was used to determine whether each unit's firing rate varied by goal arm, as a function of time within the sample of phase. In WT mice, the percentage of mPFC units showing statistically significant goal-selective firing increased as the animal entered the goal arm, peaking at 21% ± 2% near the goal location ( Figure 3C ). Fewer units in Df(16)A +/À mice showed this goal selectivity, peaking at 12% ± 2% ( Figure 3C ). Developmental inhibition of Gsk3 restored goal selectivity in the mutant animals, without affecting the representation in WT (peaking at 22% ± 3% and 26% ± 3%, respectively; Figure 3C ). Overall firing rates did not differ by group ( Figure 3D ), indicating that developmental inhibition of Gsk3 rescued spatial representations in mPFC neurons of Df(16)A +/À mice without affecting their overall level of excitation. Similar tendencies were seen in the sample (encoding) phase, though group differences were not significant ( Figure S4A ). In WT mice, 50% ± 4.5% of goal-selective units in the sample phase showed significant goal-selective firing in the choice phase ( Figure S4C ). This percentage in Df(16)A +/À mice reduced to 26% ± 3.1%. SB treatment significantly restored the similarity of goal-selective firing between task phases without affecting WT mice ( Figure S4C ). Goal-selective units during the sample phase tended to preferentially fire in the same arm during the choice phase (90% of units; Figure S4D ). This preference was decreased to 74% in Df(16)A +/À mice and restored to 89% by SB treatment. The high reliability of arm preference across task phases argues for spatial as opposed to reward-related activity, since the preferred arm could be either rewarded or not rewarded in the choice phase. We also used an undirected approach to examine whether population-level spatial representations in the mPFC were affected by the microdeletion and/or subsequent developmental inhibition of Gsk3. A maximum margin linear classifier (Rigotti et al., 2013; Spellman et al., 2015) was used to decode choice goal location from binned population firing rate vectors and to quantify the accuracy of the neural representation of the animal's contemporaneous location (Figure 4 ). Binned population firing rate vectors were aligned separately to multiple trial events ( Figure 4A ). The classifier was trained on firing rate data from half of the trials, and model accuracy was tested on data from the rest of the trials (see Experimental Procedures). Figure 4B depicts decoding accuracy of the choice goal location using data from 42 mPFC units recorded from a single WT mouse. Choice goal identity was decoded at accuracies above chance from when the animal entered the T intersection in the maze to when the animal left the goal arm, peaking at the goal location. Model accuracy was computed for each individual animal and then averaged across animals by group (Figure 4) . In WT mice, model accuracy was highest as animals approached the goal. Df(16)A +/À mice showed significantly lower model accuracy, demonstrating that the population spatial representation in mPFC neurons was disrupted ( Figure 4D ). Population decoding in the mutants was completely restored by developmental inhibition of Gsk3, which had no effect in WT mice ( Figure 4D ). A similar tendency was obtained from sample goal decoding, although this did not reach statistical significance ( Figure S4B ). We next set out to determine whether the effects of the Df(16)A +/À mutation and its rescue by Gsk3 antagonism on neural synchrony on the one hand, and spatial encoding on the other, were linked. We examined the relationship between spatial information and neural synchrony on an individual neuron-by-neuron basis. We used mutual information (MI; see Experimental Procedures) to quantify spatial information in each neuron as a function of time in the maze, relative to the same landmarks used to create the linear classifier model described above. MI measures how much each of the neuron's spikes reduces the uncertainty about the goal location (left versus right) and is measured in bits (Onken et al., 2014; Shannon, 1948) . Like the accuracy of the population-based model, MI peaked at the choice goal location for most mPFC units (Figure 5A) . Averaged across neurons, MI at the goal location was Figure 5B ).
Encoding of spatial information about the goal relies on gamma-frequency synchrony between the vHPC and mPFC during the sample phase . We therefore asked whether MI about the goal during the choice phase varied as a function of phase-locking of the mPFC unit spiking to gamma-frequency oscillations in the vHPC during the sample phase. In WT mice, the strength of a given neuron's phase-locking to vHPC gamma during the sample phase predicted the amount of information that neuron carried about goal location in the choice phase, both within individual animals ( Figure 5C ) and across the sample (by multiple linear regression, Figure 5E , or by comparing MI in the weakest and strongest phase-locked units, Figure 5F ). In other words, neurons that phase-lock best to gamma in the vHPC during encoding possess more information about the goal location during retrieval. This relationship was not present in Df(16)A +/À mice: the mean correlation coefficient in the mutants did not differ from zero ( Figure 5D ), the multiple linear regression was not significant ( Figure 5E ), and MI in weakly and strongly phase-locked cells did not significantly differ (Figure 5F ). SB treatment partially restored the relationship between MI and phase-locking, particularly by increasing the amount of spatial information in strongly phase-locked units ( Figures 5C-5F ). LFP power did not differ by genotype or treatment regardless of frequency, region, or task phase ( Figures S3G-S3L ). Phase-locking of mPFC spikes to vHPC theta oscillations did not show any correlation with MI in any groups ( Figure S5 ).
DISCUSSION
The cognitive deficits associated with schizophrenia remain an unmet treatment need. Here we demonstrate that spatial working memory deficits seen in Df(16)A +/À mice, a mouse model of the schizophrenia-associated 22q11.2 microdeletion, can be rescued through developmental antagonism of Gsk3. We recapitulate, refine, and extend our earlier findings demonstrating deficits in hippocampal-prefrontal synchrony in these mice, showing that these deficits are accompanied by impaired spatial representations in the mPFC. Furthermore, we demonstrate that developmental treatment with a Gsk3 antagonist, previously shown to rescue neurite outgrowth deficits in Zdhhc8 +/À mice, also rescues the physiological and behavioral impairments. These results have several important implications. First, they underscore the close relationship between hippocampal-prefrontal synchrony and spatial information processing in the mPFC. Second, they elucidate a putative causal chain of events leading from the 22q11 microdeletion to its consequent effects on cognition, crossing multiple levels of analysis in the process. Finally, they provide a potential avenue for novel therapies aimed at enhancing cognition in 22q11.2 deletion carriers and perhaps a subset of patients with schizophrenia.
Hippocampal-Prefrontal Synchrony and Spatial Representations in the mPFC
The notion that the HPC and mPFC must cooperate for successful spatial working memory performance arose first from disconnection studies, in which lesioning or silencing the HPC on one side and mPFC on the other disrupted the behavior (Floresco et al., 1997; Izaki et al., 2008; Wang and Cai, 2006) . This notion received further support from the subsequent observations that mPFC units synchronize with hippocampal oscillations (Siapas et al., 2005) , and that this synchrony is modulated during spatial working memory tasks (Jones and Wilson, 2005; Sigurdsson et al., 2010; Spellman et al., 2015) . This synchrony occurs in two different frequency bands, with different task-dependent modulation and different anatomical requirements. In the DNMTP task used here, theta-frequency synchrony was highest during the choice phase (Sigurdsson et al., 2010) , while gammafrequency synchrony was highest during the sample phase . The latter finding suggested a role for gamma-frequency synchrony in the encoding of spatial information within the mPFC. Optogenetic inhibition of the direct vHPCto-mPFC pathway disrupted both gamma-frequency synchrony and the encoding of goal location information within mPFC neurons during the sample phase of the task . Here we provide complementary evidence for a causal relationship between gamma-frequency synchrony and the encoding of spatial information in mPFC neurons, while demonstrating deficits in both in a model of schizophrenia predisposition. In WT mice, mPFC neurons with the strongest phase-locking to vHPC gamma during the sample phase also had the greatest information about goal location during the choice phase, establishing a clear relationship between gamma synchrony during encoding and spatial information during retrieval. This relationship was not present in Df(16)A +/À mice. Coupled with the finding of decreased gamma synchrony in these mice, both here and in Sigurdsson et al. (2010) , these results suggest that, in the absence of strong gamma synchrony between the vHPC and mPFC, Df(16)A +/À mice cannot successfully encode information about the goal location in the mPFC. Developmental Gsk3 inhibition partially restored the relationship between gamma synchrony and spatial information, despite only a modest (and not statistically significant) rescue of gamma synchrony strength itself. These findings suggest that successful behavioral rescue may be due to successfully reconnecting a subset of mPFC neurons to their vHPC inputs.
From Gene to Behavior
An important goal of using genetic models of neuropsychiatric disease is to define the chain of events leading from the gene to the behavioral disturbance. The results presented here, coupled with previous studies, allow the construction of a preliminary, putative version of such a chain of events leading from the 22q11 microdeletion to spatial working memory deficits. This chain starts at the level of the gene: haploinsufficiency for Zdhhc8, one of the genes within the microdeletion in both humans and the mouse model, recapitulates the working memory phenotype (Mukai et al., 2015) . Zdhhc8 codes for a palmitoyltransferase, and mice with only one copy of the gene have reduced expression of the enzyme and altered palmitoylation of multiple neuronal proteins important for axonal development. This reduced palmitoylation results in mislocalization of several key axonal proteins, including phosphorylated Akt, a negative regulator of Gsk3b (Mukai et al., 2015) . Accordingly, Zdhhc8
+/À mice, as well as mice with the full microdeletion, have deficits in neurite outgrowth and axonal branching, including decreased branching of vHPC axons within the mPFC, as well as deficits in theta-and gamma-frequency synchrony between the vHPC and mPFC (Mukai et al., 2015) . Deficits in gamma-frequency synchrony and spatial working memory behavior are recapitulated by inhibiting these vHPC-to-mPFC axon terminals, a manipulation that also disrupts task-related spatial representations within the mPFC ). Here we demonstrate deficits in spatial representations in mPFC neurons in Df(16)A +/À mice, tying them together with deficits in gamma-frequency synchrony. Together, these data support a model in which the microdeletion results in inadequate expression of the Zdhhc8 protein, reduced palmitoylation, mislocalization of axonal proteins, dysregulation and hyperactivity of Gsk3b, decreased branching of vHPC axons in the mPFC, decreased vHPCmPFC synchrony, impaired spatial processing in the mPFC, and disrupted spatial working memory. Supporting this model is the observation, described in Mukai et al. (2015) and here, that inhibition of Gsk3 during development restores normal axonal branching, vHPC-mPFC synchrony, mPFC spatial representations, and spatial working memory behavior. This model is most likely incomplete in its details. For certain, it cannot explain the entirety of the microdeletion picture, including See also Figure S5 .
phenotypes such as pre-pulse inhibition that are likely quite relevant to schizophrenia yet not fully recapitulated in Zdhhc8
mice. In addition, other genetic pathways disrupted by the microdeletion have been shown to affect spatial working memory (Paterlini et al., 2005; Fé nelon et al., 2011; Stark et al., 2008) , although whether they impair vHPC-mPFC synchrony, mPFC spatial representations, or both remains unknown. Finally, given that SB-216763 inhibits both a and b isoforms of Gsk3, we cannot exclude the possibility that Gsk3 inhibition affects aspects of the developing neural circuitry other than axonal branching. For example, it has been shown that signaling through dopamine D2 receptors also can modulate the activity of the Akt/Gsk3 pathway (Emamian et al., 2004; Beaulieu et al., 2004 ) through a complex including beta-arrestin and PP2A (Beaulieu et al., 2005 (Beaulieu et al., , 2007 . Because components of the dopamine-signaling pathway are expressed during mammalian cortical development (Araki et al., 2007) , it is conceivable that Gsk3 antagonism may exert its effect also in part via noncanonical modes of dopamine D2/b-arrestin signaling (Allen et al., 2011) , although it is currently difficult to predict the direction of such an effect on working memory and vHPC-mPFC synchrony deficits emerging as a result of 22q11.2 deletions. Nonetheless, the model is useful, describing our understanding of this one facet of the 22q11 microdeletion syndrome, crossing boundaries between multiple levels of analysis. It can be used as a framework for future studies, and importantly it points to several possible avenues for therapeutic interventions.
Potential for Novel Treatments
The elucidation of this pathway and the demonstration that Gsk3 inhibition can reverse these neuroanatomical, neurophysiological, and behavioral consequences of the microdeletion are important advances. In general, these findings demonstrate the possibility of rescuing the cognitive sequellae of a schizophrenia-predisposing genetic lesion. More specifically, they point to manipulation of the Akt/Gsk3b pathway as a potential treatment target . Here pharmacological inhibition was present during an early postnatal time window in the mice, likely corresponding to a late prenatal period in humans (Avishai-Eliner et al., 2002) . Given that the cognitive sequellae of the 22q11 microdeletion emerge early in life, it is conceivable that Gsk3b could be pursued as a promising treatment target in this subgroup even if it needed to be administered early to exert its effects. Because prodromal diagnoses are currently unreliable (Debbané et al., 2015) , pursuing such early developmental treatments in idiopathic schizophrenia is currently challenging. However, we envision that progress in deciphering the genetic causes of the disease (Xu et al., 2012) and identifying highly penetrant genetic risk lesions (especially copy-number variants [CNVs] ) is likely to facilitate prodromal diagnoses in subsets of patients in the future, enabling implementation of early developmental treatments such as the one proposed here. Nevertheless, going forward, it will be important to also determine whether Gsk3 antagonism later in life would be similarly efficacious, as the diagnosis of schizophrenia is rarely made before late adolescence. To the extent that successful restoration of cognitive deficits and network activity biomarkers reflects structural restoration of neural circuits, it should be noted that, although structural dynamic changes of axonal arbors in the adult cortex are dramatically smaller and slower compared to early development, there is still prominent regional and celltype-specific plasticity of excitatory axonal arbors, which takes place over periods of weeks or months (De Paola et al., 2006) . In that respect, although acute Gsk3 antagonism is unlikely to be efficacious, chronic or subchronic manipulation of the Akt/Gsk3b pathway may still be able to promote growth of axonal endings and synaptic communication even in the adult brain. This possibility will be the focus of further investigation.
Of course the generalizability of these findings is unclear. The 22q11.2 microdeletion syndrome represents a specific subset of patients with schizophrenia, accounting for perhaps 1%-2% of sporadic cases Xu et al., 2008) . Even if these findings led to novel treatments for the cognitive impairments of the 22q11.2 microdeletion syndrome, whether they would apply to schizophrenia cases arising from other causes is unclear given the level of genetic heterogeneity (RodriguezMurillo et al., 2012) . Supporting the possibility of such generalizability is a body of data suggesting alterations in the Akt/ Gsk3b-signaling pathway in schizophrenia (Emamian, 2012; Emamian et al., 2004) . Moreover, hippocampal-prefrontal dysconnectivity has been described in patients (Lawrie et al., 2002; Meyer-Lindenberg et al., 2005) as well as additional animal models (Esmaeili and Grace, 2013; Jodo, 2013; Phillips et al., 2012; Zhan et al., 2014) . This convergence suggests the possibility that other types of treatments aimed at counteracting the effects of diverse disease mutations on the structure and strength of neural connections may be of therapeutic benefit.
Conclusion
At the very least, however, our findings point out an intriguing, targetable biological pathway leading from a bona fide schizophrenia predisposition locus through multiple levels of analysis to an important behavioral phenotype, making good on the promise of genetic modeling of disease predisposition from a scientific perspective. Coupled with emerging ideas regarding how other genes in the 22q11 region could lead to psychosis (Chun et al., 2014; Fé nelon et al., 2011 Fé nelon et al., , 2013 Paterlini et al., 2005; Xu et al., 2013) , these findings represent a step toward a comprehensive understanding of the neurobiological consequences of the deletion syndrome. Such an understanding may eventually translate into bona fide improvements in the clinical management of patients who experience these consequences. Df(16) A +/À mice (RRID: MGI_3802827) and their WT littermates were generated on a C57BL/6J background and genotyped as previously described (Stark et al., 2008) . SB-216763 was obtained from Sigma-Aldrich. The drug was dissolved in DMSO (20 mg/ml) as the stock solution. The stock solution was freshly diluted to 2 mg/ml with PEG400 on the days of injection. , n = 13) every other day from P7 to P28 at 9 a.m. All procedures were conducted in accordance with NIH regulations and approved by Columbia University and New York State Psychiatric Institute Institutional Animal Care and Use Committees.
EXPERIMENTAL PROCEDURES Animal and Drug Treatment

Surgery and Recording
The 3-to 5-month-old mice were anesthetized with isoflurane (Butler Schein) and placed in a stereotaxic head holder. A bundle of 14 twisted-wire stereotrodes (12.5 mm) were implanted in the mPFC (1.65 mm anterior to bregma, 0.3 mm lateral to midline, 1.4 mm below brain surface) and single tungsten wire field electrodes (75 mm) were implanted in the dHPC (1.94 mm posterior, 1.5 mm lateral, 1.4 mm ventral) and the vHPC (3.16 mm posterior, 3.0 mm lateral, 4.0 mm ventral). Skull screws were attached above the right olfactory bulb and the left cerebellum, which served as reference and ground, respectively. All wires were connected to a 36-channel interface board anchored to a microdrive. The mPFC stereotrodes were regularly advanced to ensure that different cells were recorded in each session. After all behavioral experiment were completed, to verify electrode placements, current (50 mA, 10 s) was passed through the electrodes. Recoding locations were verified with Nissl cresyl violet staining.
Behavioral Task
Animals were trained and tested in a spatial delayed non-match-to-sample T maze task, as described previously (Sigurdsson et al., 2010) . The maze consisted of a 55-cm-long center arm and two 32-cm-long goal arms extended from the center arm. Arms were 15 cm high and 10 cm wide. Each trial of the task consisted of a sample and choice phase. In the sample phase, a mouse ran down the center arm of the maze and was directed into one of the goal arms. The mouse returned to the start box where it remained for a delay of 10 s. In the choice phase, the mouse was required to enter the arm opposite to that visited during the sample phase to receive a reward. The behavior protocol began with 2 days of habituation to the maze for 10 min, followed by 2 days of shaping during which animals were guided by the presence of walls to alternate between goal arms of the maze to receive food reward. Training sessions of ten trials per day were then conducted until mice reached criterion performance, defined as performance of at least 70% correct per day for 3 consecutive days; they completed daily sessions composed of 20 trials.
Data Analysis
Data were imported into MATLAB (MathWorks) for analysis using custom written scripts.
Field Potential Analysis
Field potentials form vHPC, dHPC, and mPFC were obtained while mice were habituated to a T maze apparatus and during the delayed non-match-to-sample T maze task. The power and coherence of field potentials were computed with the ''pwelch'' and ''mscohere'' function in MATLAB, respectively. Theta and gamma power and coherence were computed as the mean values in the 4-to 12-Hz and 30-to 70-Hz ranges, respectively. For baseline power and coherence during habituation, only periods of continuous movement (speed R 10 cm/s) were used.
Phase-Locking Analysis
For single units, neural signals were band-pass filtered between 600 and 6,000 Hz and waveforms that passed a threshold were digitized at 32,000 Hz. Waveforms were then sorted into single-unit clusters using KlustaKwik, followed by manual adjustment of clusters. LFP signal was digitally band-pass filtered (4-12 Hz for theta and 30-70 Hz for gamma) using a zero-phase delay filter. The phase of each sample of the filtered field potentials was then calculated by a Hilbert transform, and each spike was assigned to the corresponding phase. Phase-locking of mPFC units to the oscillatory phase of HPC LFPs was performed using PPC, which is known to be unbiased by spike number (Vinck et al., 2010) . PPC is based on the average pairwise circular distance, which is defined by
where d is the absolute angular distance between two samples, qj and qk are the phases of LFP samples assigned to contemporaneous spikes, and N is the number of spikes. PPC is computed by normalizing D as follows:
Notably, uniformly distributed spikes typically yield negative PPC values. As another measure of phase-locking, mean resultant length (MRL) of the phase angles was computed as previously described (Sigurdsson et al., 2010) . The MRL is the summation of the unit vectors of the phases at which each spike occurred, divided by the number of spikes. MRL is highly dependent on sample size. We therefore calculated MRL of each unit from subsamples of 50 spikes. Subsamples were drawn repeatedly (1,000 times), and MRL values were computed for each subsample and then averaged to estimate MRL values.
Mutual Information
To quantify the extent to which the activity of mPFC units represents the animal's contemporaneous location, the amount of MI was estimated between goal arm locations (left versus right). MI quantifies the reduction in uncertainty of stimuli based on the bias of neuronal response in each stimulus. We used the standard formula that was introduced by Shannon (1948) .
MIðS; RÞ = X s;r
Pðr; sÞlog 2 Pðr; sÞ PðrÞPðsÞ where P(r,s) is the joint probability of stimulus s (left versus right goal arm) and neuronal response r, P(r) is the probability of neuronal response across all stimuli, and P(s) is the probability of each stimulus. In this study, neuronal response r was estimated as spike counts in 100-ms time bins, i.e., the probability of observing r spikes in the bin. The resultant MI was averaged in five consecutive bins as a mean MI in 500 ms.
Decoding Goal Arm Location
Goal arm location was decoded using a maximum margin linear classifier as previously described (Rigotti et al., 2013) . Population decoding was performed on binned spike vectors (500-ms bins, 100-ms increments) of mPFC units within animals and averaged across animals by experimental group. Model training was performed using constrained quadratic programming (Anlauf and Biehl, 1989; Barak and Rigotti, 2011 ) that employed a maximal margin linear classifier (Anlauf and Biehl, 1989; Krauth and Mezard, 1987) . The training samples to this algorithm are generated by averaging the recorded spike counts within the relevant conditions that need to be decoded and across a specified training set of trials. This procedure gives a mean activity vector per condition, in which each component of the vector represents the trial-averaged firing activity of a given neuron at a given condition. The quadratic programing procedure then aims at finding a set of readout weights that maximally separate the mean activity vectors corresponding to the conditions that have to be discriminated. The model was then tested by cross-validating its performance on a test set of recorded trials. At each test phase, 100 test vectors per condition were randomly resampled with replacement, and the performance of the model was quantified as the average accuracy in classifying them. For each time bin, model training and testing was performed 100 times (at which point estimates of model accuracy approached asymptote) on non-overlapping subsets of trials (half of trials to train, half to test, random subsampling without replacement), with subsets constrained to include at least one trial corresponding with each feature class under consideration. Since model accuracy is highly dependent on sample size, we only performed decoding for animals from which more than ten units were recorded. Moreover, to further limit the effects of this bias, we subsampled ten units so that an equal number of units was used for decoding when performing model training and testing.
Statistical Analysis
Data are represented as means ± SEM. Student's t test after ANOVA was used for parametric statistics, whereas paired t test was used for paired comparisons. To test the significance of correlations with multiple data points per animal, multiple linear regression analysis was conducted. To calculate the percentage of goal arm-modulated neurons, rmANOVA was performed on binned spike rates for each neuron.
